The surface heat flux on a 100 mm diameter hypersonic sphere was reduced through surface roughness on its forebody. The test model was subjected to a hypersonic freestream of Mach 8.8 and Reynolds number 1.98 million/m, in a shock tunnel. Forebody surface heat transfer rates measured on smooth and rough spheres, under the same free-stream conditions, were compared. The comparison of heat flux indicated an overall reduction in surface heating rates on the rough model, which could be attributed to the delayed nose tip transition. The surface roughness on the forebody of the model generated miniature cavities. Stability of the free shear layer over the miniature cavities and entrapment of the destabilizing vortices in the cavities, make the flow over the rough test model more stable than the attached boundary layer over the smooth model, under transitional conditions.
Introduction
Hypersonic reentry vehicles have large forebody bluntness to shield from high aerodynamic heating. The large bluntness at hypersonic Mach numbers generates strong bow shock waves due to which the shock layers will have strong entropy layers, which are a region of strong vorticity [1] . Strong entropy layers destabilize the boundary layers, making them susceptible to even small perturbations in the free stream [2] . The entropy layers of reasonable thickness have been found useful in delaying transition on hypersonic slender blunt cones, where the nose bluntness was moderate [3] [4] . But, a large nose bluntness, which is required for thermal survival of reentry capsules, was found counterproductive as far as transition control was concerned, which was labelled "blunt nose paradox" in literature [1] . The large nose bluntness promoted transition prematurely, despite having a strong favourable pressure gradient around the nose region.
A patch of large roughness, which is of the order of boundary layer thickness on a surface can give rise to a cavity effect, which when subjected to a moderate flow speed can delay transition by virtue of vortex entrapment and persistence in the cavities [5] [6] . The surface with large roughness is physically similar to a wavy surface, which was found effective in suppressing high-frequency instabilities in high-speed flows [7] [8] [9] , which delayed transition. The free shear layer due to multiple, short separations over the miniature cavities was found more stable when compared to the attached boundary layer under transition [8] [10].
The multiple, short separations could generate stable separation bubbles in the cavities, which aided the stability of the free shear layer. These stable separation bubbles also damped the acoustic resonances, preventing the growth of instabilities downstream. The shock layer of a hypersonic blunt body could have a large subsonic pocket when the bluntness is large, and the flow speed within the shock layer could be considered moderate. A rough surface in such a flow could delay the boundary layer transition owing to the conditions and reasons stated above.
Reentry vehicles require Thermal Protection Systems (TPS) in addition to a natural heat shield like forebody bluntness, to withstand aerodynamic heating.
The thermal protection systems can be classified as active, passive and ablative depending upon their mode of function [11] . An ablative TPS, such as Phenolic Impregnated Carbon Ablator (PICA) and Super Lightweight Ablator (SLA), which is a thin, temperature-sensitive coating on the forebody of the vehicle, is regarded very effective for reentry missions [12] [13] [14] . The ablative TPS evaporates on absorbing heat from the shock layer, leaving behind a roughness on the coated surface [15] .
The present study had an objective of investigating the effect of such a surface roughness on the aerothermodynamics of the vehicle. After completing similar investigations on a large angled blunt cone [16] , we continued the research on a large sphere (large w.r.t. tunnel test section). Roughness elements to be placed on the model surface were chosen to match their height with the order of the boundary layer thickness, as the roughness of the order of the boundary layer thickness was the most effective in delaying the nose-tip transition [16] 
Experimental Method

The Shock Tunnel
The experiments were performed in the IIT Bombay Shock Tunnel (IITB-ST) [18] , with the freestream conditions presented in Table 1 . IITB-ST is a standard shock tunnel, operating in the reflected-shock mode. The tunnel can accommodate models of (up to) 100 mm diameter/width in its test section (dimensions: 300 × 300 × 450 mm) without blockage. A planar shock wave, generated by bursting a metallic diaphragm in the shock tube, is used to compress and heat the test gas, twice, to obtain a momentary reservoir of high-enthalpy test gas at the entry to a conical, hypersonic nozzle. The nozzle expands the shocked test gas to a hypersonic freestream of Mach 8.8 ± 2.5% in the test section. A schematic of the IITB-ST is shown in Figure 1 .The shock tube pressure trace nearest to the nozzle (P 0 ), and the time-history of the total pressure ratio (P 02 /P 0 ) at the test location are presented in Figure 2 . The steady part of the P 0 pressure trace indicates the available test time, while the useful test time is indicated by the stable region of the P 02 /P 0 trace.
Test Model and Instrumentation
The test model was a sphere of 100 mm diameter as shown in Figure 3 . The forebody of the sphere was roughened by sticking graded grits. Special care was taken to ensure uniformity in the roughness distribution. The average height of the roughness was 1.4 mm ± 15%, which was of the order of the boundary layer thickness (average) on the forebody, estimated in a separate investigation [19] .
Seven E-type, co-axial thermocouples were flush-mounted in the surface of the test model along an outward ray from the stagnation point. The arrangement of thermocouples in the model is shown in Figure 3 . The thermocouples were fabricated and calibrated in-house [18] , which had a sensitivity of 63.6 ± 1.2 µV/˚C to eliminate the high-frequency spurious noise.
Thermocouple Data Reduction Methodology
The surface heat-flux was reduced from the acquired temperature-time history signals of the flush mounted thermocouples based on the methodology proposed semi-infinite slab [21] . A 1-D heat conduction model [22] , represented by Equation (1), was used to obtain such an unsteady heat flux into the sensing junction of the thermocouple.
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Equation (1) was numerically processed using a piece-wise linear function for E(τ), as expressed in Equation (2).
where, 1 i i t t τ − ≤ ≤ and i = 1, 2, 3,  , n. The Equation (2) was substituted into Equation (1) and was integrated to obtain the following expression:
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Equation (3) The large-scale roughness generated a multiple-cavity effect on the forebody of the sphere. Under moderate velocities, such as in zone-2, the roughness cavities could engulf the destabilizing entropy layer in the form of trapped large eddies thereby damping the associated instabilities. The destabilizing factor of the entropy layer was isolated, damped and confined to these cavities till the vortices started shedding, and the separated shear layer over the cavities was more stable than its transitional, attached counterpart [7] ; hence, the transition was delayed. The destabilization was expected to appear once the vortices started shedding from the cavities due to high speed of the flow, which is lightly visible in Figure  6 (zone-3). Figure 8 depicts the above description of multiple-cavity effect and vortex dynamics. The results presented in Figure 6 encourage the use of surface roughness to delay transition and alleviate the transition-linked detriments, such as skin friction and heat transfer. The study indicates that the remnants of ablative TPS that create a surface roughness may not be detrimental to reentry capsules. The study also revealed that the roughness height, which is of the order of the boundary layer thickness on a surface, is suited to delay the transition.
Results and Discussion
Concluding Remarks
Effect of surface roughness on wall heating rates of a 100 mm diameter sphere was investigated in a hypersonic freestream of Mach 8. 
